Effective adaptive immunity relies on the ability of lymphocytes to differentiate and to make a concerted response. An immune response requires a few specific T cells not only to find rare cognate antigenpresenting cells (APCs) but also to receive appropriate signals to differentiate into effector or memory subsets. Much work has focused on determining how the appropriate amount of antigen, its affinity for the T cell antigen receptor (TCR) or the requirement of costimulation during a priming APC encounter regulates optimal T cell differentiation. However, proper differentiation of CD8 + T cells requires other signals, such as help from CD4 + T cells and cytokines [1] [2] [3] . Despite considerable work, the timing, site and conditions of CD8 + T cell differentiation remain unknown [3] [4] [5] .
A r t i c l e s
Effective adaptive immunity relies on the ability of lymphocytes to differentiate and to make a concerted response. An immune response requires a few specific T cells not only to find rare cognate antigenpresenting cells (APCs) but also to receive appropriate signals to differentiate into effector or memory subsets. Much work has focused on determining how the appropriate amount of antigen, its affinity for the T cell antigen receptor (TCR) or the requirement of costimulation during a priming APC encounter regulates optimal T cell differentiation. However, proper differentiation of CD8 + T cells requires other signals, such as help from CD4 + T cells and cytokines [1] [2] [3] . Despite considerable work, the timing, site and conditions of CD8 + T cell differentiation remain unknown [3] [4] [5] .
Priming of CD8 + T cells occurs in many ways, and the requirement for particular cytokines or costimulators may be overcome by alternative pathways 4 . As a result, the populations of antigen-specific CD8 + T cells formed are heterogeneous 6 , and not all T cells, even those bearing the same TCR, will evolve similarly. Despite some heterogeneity, CD8 + T cells mostly respond in an integrated manner, but how they coordinate their response is elusive. Furthermore, only a few T cells are needed to mount an efficient and coordinated immune response, and a high frequency of precursor cells is not beneficial. Various lines of evidence suggest that T cells have developed strategies for finding other activated T cells 7, 8 , exchanging information 9 and acting cooperatively 10 .
Advances in two-photon imaging have permitted direct observation of T cell activity during an immune response in lymph nodes. After recognition of their cognate antigen presented by a dendritic cell (DC), T cells slow down and form long stable interactions with DCs [11] [12] [13] [14] . During this arrest phase, also called 'phase II' 11 , several T cells are often found interacting with the same APC, forming clusters 15 . During clustering events, it has been noted that T cells may interact with each other 16, 17 . In vitro, CD4 + T cells form synapses in which more localized interleukin 2 (IL-2) signaling complexes are found 9, 18 . The implication of such interactions for T cell responses in vivo, however, has not yet been assessed.
Here we provide evidence of a critical differentiation period (CDP) for CD8 + T cells during the course of an immune response. We found that cell-cell interactions beyond T cell-APC interactions were necessary, at physiological precursor frequencies, to generate optimal CD8 + T cell responses. We also found that mutual adherence and synapses between T cells was one of the cell-cell interactions required for CD8 + T cell differentiation. T cell-T cell synaptic structures thus provide enhanced sensitivity to cytokines and are required for T cells to collectively interact.
RESULTS

CDP for CD8 + T cell differentiation
The time course of CD8 + T cell activation in lymph nodes in response to vaccination or infection was characterized by distinct phases of cell motility (Supplementary Fig. 1a ) and cell-cell interactions 11, 12, 19 ( Fig. 1a) . To monitor the activity of CD8 + T cells relative to that of APCs during an immune response, we adoptively transferred antigenspecific OT-I T cells (which have transgenic expression of an ovalbumin (OVA)-specific TCR) expressing red fluorescent protein into hosts in which expression of the common DC marker CD11c is marked by yellow fluorescent protein. At 2 h after immunization of mice with a complex of antibody to the DC-specific scavenging molecule DEC-205 linked to OVA (DEC-OVA), which targets DCs as APCs, OT-I T cells intermingled in the antigen-presenting DC network but did not extensively dwell on any single DC (Supplementary Movie 1) .
suggestive of a different requirement for differentiation than for priming. Because of experimental constraints, we adoptively transferred 1 × 10 6 OT-I T cells into wild-type recipient mice for early assessment of the upregulation of CD69 expression at 32 h, as that number of cells is needed to for sufficient recovery of cells, but we adoptively transferred only 5 × 10 3 OT-I T cells to measure IFN-γ expression, as that number of cells is more physiologically accurate 21, 22 . We confirmed that differentiation still required LFA-1-dependent interactions at 24 h after immunization with a higher frequency of precursor cells, although nonphysiological frequency of precursor cells alone resulted in more differentiation regardless of blockade (Supplementary Fig. 1e ). Blocking LFA-1-dependent interactions 60 h after immunization had no effect on IFN-γ production ( Fig. 1b and Supplementary Fig. 1c ), which suggested there was a short time window (24-60 h) during which T cells integrated differentiation cues in a cell contact-dependent manner.
We obtained similar evidence of a requirement for integrin through the use of a different adjuvant-immunization model with delayed blockade of ICAM-1, the ligand for LFA-1 (Supplementary Fig. 2 ). This indicated that inhibition of differentiation was not due to anti-LFA-1-modulated signaling or blockade of T cell trafficking. Finally, because treatment with anti-LFA-1 could function by blocking the late entry of new OT-I cells into lymph nodes and thus potentially affect By 10 h, they had decelerated in an environment containing DCs ( Supplementary Fig. 1a and Supplementary Movie 2). By 24 h, OT-I cells were still moving at a low speed (Supplementary Fig. 1a ), but in addition, they were now often in clusters with other activating T cells (Supplementary Movie 3) . Clustering at some phases but not others provides further subcategorization of the characteristics of motility arrest 11 . By 60 h, T cells resumed their migration ( Supplementary  Fig. 1a and Supplementary Movie 4). T cell-APC synapses formed in the first hours of DC encounter are known to be sufficient for TCRs to cluster and internalize 20 and for T cells to upregulate expression of the TCR-driven activation marker CD69 (refs. 11,19,20 ; Supplementary Fig. 1b) .
To address the requirement for adhesive synaptic contacts throughout the time course of the response, we injected antibody to the integrin LFA-1 (anti-LFA-1) into mice to block those interactions. We initiated this blockade at times corresponding to the transient (2 h), clustered (24 h) and very late (60 h) time points 11, 12, 19 (Fig. 1b) . Anti-LFA-1 administered 2 h after antigen administration diminished proximal upregulation of CD69 expression at 32 h by ~30% and the extent of T cell differentiation, exemplified by production of interferon-γ (IFN-γ), at day 6 by ~60% ( Fig. 1b and Supplementary Fig. 1b,c) . That result was consistent with broad facilitation of both priming and differentiation by adhesive synapses. In contrast, blockade of LFA-1 that began at 24 h had no effect on CD69 expression at any subsequent time (Fig. 1b and  Supplementary Fig. 1b ) or on proliferation (Supplementary Fig. 1d ). However, that 24-hour blockade resulted in ~60% less induction of IFN-γ production in OT-I cells than that in OT-I cells from mice that received control antibody by day 6 (Fig. 1b and Supplementary Fig. 1b ), npg A r t i c l e s memory through the activation of different cells, we synchronized the homing of T cells to lymph nodes by treating the mice with antibody to the lymph node-homing receptor CD62L to block new entry 23 . Treatment with anti-CD62L did not affect IFN-γ production by OT-I cells, and treatment with anti-LFA-1 in the context of CD62L blockade still resulted in inhibition of IFN-γ production ( Supplementary  Fig. 1f ). That result confirmed that inhibition of CD8 + T cell differentiation by treatment with anti-LFA-1 was not due to inhibition of T cell homing or inhibition of late T cell-APC encounters.
We also observed a similarly lower yield and number of antigenspecific effector CD8 + T cells and proportion of IFN-γ + antigenspecific cells in mice treated with anti-LFA-1 than in mice treated with isotype-matched control antibody in response to sublethal infection with bacteria (OVA-expressing Listeria monocytogenes (LM-OVA); Fig. 3d ). For these experiments, we adjusted the timing of the treatment with anti-LFA-1 to the time when markers of TCR-driven activation were maximal; that is, at 32 h or 16 h for infection with LM-OVA or LCMV, respectively ( Supplementary Fig. 3a,b) . Finally, we observed a similar requirement for secondary adhesive contacts when a we assayed responder mouse without transgenic TCR expression (the YETI mouse), using pentamers of peptide and major histocompatibility complex (MHC) to identify responder CD8 + T cells in the endogenous repertoire and using yellow fluorescent protein as a 'readout' of Ifng transcription (Fig. 1g,h and Supplementary  Fig. 3e ). These data provided evidence of a late requirement for integrin-mediated interactions during a variety of immunological challenges and at physiological frequencies of precursor cells.
CDP interactions mediate protective memory
As these data reported above indicated a distinct CDP (24-48 h after immunization) for integrin-mediated engagements, we also tested the consequences of blocking LFA-1-dependent interactions during the CDP (called 'CDP blockade' here) on the establishment of memory and successful vaccination. We adoptively transferred a small number of P14 T cells (with transgenic expression of a TCR specific for amino acids 33-41 of LCMV glycoprotein) into wild-type hosts and found that during infection of those hosts with LCMV, CDP blockade resulted in fewer P14 cells 2 weeks after challenge (Fig. 2a) . Furthermore, the balance between short-lived effector cells and memory precursor effector cells was altered by CDP blockade (Fig. 2b) . Blocking LFA-1-dependent interactions during the CDP led to a lower frequency of short-lived effector cells and, conversely, more memory precursor effector cells at day 15 after infection. However, of those memory precursor effector cells, the frequency with a central memory phenotype was much lower (Fig. 2c) , which suggested that the establishment of long-lasting memory was impaired. That observation held true for CDP blockade after immunization with DEC-OVA, which resulted in a lower frequency of OT-I cells with central memory phenotype, as assessed by a CD62L + and CD44 + phenotype at day 8 (28.37% for mice treated with control antibody and 12.28% for mice treated with anti-LFA-1; Fig. 2d ). As a consequence of that blockade, we also found fewer IFN-γ-producing cells among the cells recovered 3 d after recall experiments (Fig. 2e) , as well as a lower frequency of recovered OT-I cells (Fig. 2f) . These data suggested that successful vaccination would rely on the CDP. We modified an established DC-vaccination protocol against LM-OVA 24 and blocked LFA-1-dependent interactions during the CDP to establish the relevance of this period for protection. Normal vaccination conferred protection against a lethal dose of LM-OVA on 80% of mice, whereas those vaccinated under conditions of CDP blockade showed just 5% survival (Fig. 2g) .
Finally, we sought to understand whether the failure of DC vaccination was caused only by a lower total cell number or also by an actual defect in differentiation due to CDP blockade. We adoptively transferred a small number of OT-I cells into two sets of recipient mice and either blocked or did not block LFA-1-dependent interactions during the CDP. We then isolated OT-I cells from those mice 6 d after DC vaccination with or without CDP blockade and transferred equal numbers of OT-I cells into cohorts of naive recipients to allow those to establish memory. We then challenged recipient mice with a lethal dose of LM-OVA at least 70 d after transfer. OT-I cells generated from DC vaccination in the context of CDP blockade were unable to effectively protect mice, in contrast to cells that arose from vaccination without CDP blockade (Fig. 2h) . In summary, we concluded that not only cell number but also cell differentiation were regulated during the CDP and were necessary for optimal DC vaccination. npg
Function of cell interactions beyond T cell-APC
The synaptic requirement for LFA-1 on T cells has been linked to stabilized binding to antigen-presenting DCs bearing the counter-ligand ICAM-1 (ref. 25) . We therefore sought to formally investigate the requirement for DCs as the synaptic partners of T cells during the CDP. To do so, we immunized mice with a pure population of antigen-pulsed bone marrow-derived DCs (BMDCs) generated from CD11c-DTR mice, which are transiently depleted of CD11c + cells after the administration of diphtheria toxin 26 . We injected diphtheria toxin into these mice in such a way that the adopted APCs were fully ablated by the start of the CDP without affecting earlier T cell priming ( Supplementary Fig. 4 ). Both host and responding OT-I T cells in our study were homozygous for the variant H-2K bm1 allele, which rendered them unable to present peptides on their own MHC molecules to the OT-I cells. Ablation of APCs, which was complete by 24 h after immunization ( Supplementary Fig. 4) , did not significantly affect IFN-γ production by OT-I cells (Fig. 3a) or their population expansion (Fig. 3b) . However, CDP blockade at 24 h after immunization in the context of APC ablation significantly inhibited both measures (Fig. 3a,b) . Published studies have established that prolonged interaction with APCs does not control the functionality of the CD8 + T cell response in vitro [27] [28] [29] or in vivo 30 but have suggested that T cell differentiation is cell autonomous after APC encounter. Our data confirmed those published findings but suggested that the differentiation cue during the CDP was in fact reliant on an adhesive interaction with another cell or surface. T cells use LFA-1 to form homotypic 'clusters' , creating a relatively transient T cell-T cell synapse 9, 31 . That interaction required T cells that bore ICAM-1 ( Fig. 3c and Supplementary Fig. 5a,b) . However, ICAM-1 expression on T cells was not necessary for T cell-APC interactions, as Icam1 −/− OT-I T cells were at least as proficient as Icam1 +/+ OT-I T cells in forming stable interactions with antigen-bearing DCs (Supplementary Fig. 5c ). We assessed the requirement for ICAM-1 on T cells in effector differentiation by adoptively transferring various numbers of allelically marked Icam1 +/+ OT-I T cells and Icam1 −/− OT-I T cells into the same (wild-type) host and measuring the frequency of IFN-γ-expressing cells 6 d after immunization with DEC-OVA (Fig. 3d) . The differentiation of Icam1 −/− OT-I T cells was impaired relative to that of control Icam1 +/+ OT-I cells when we transferred 1 × 10 3 cells of each genotype. Larger numbers of transferred cells 'rescued' the inhibition of CD8 + T cell differentiation induced by ICAM-1 deficiency. Given those results, we concluded that there was a requirement for T cells to be bound by other cells, probably other T cells, especially when physiologically relevant numbers of T cells were activating. Expression of full-length ICAM-1 on CD8 + T cells was similarly required for an optimal CD8 + T cell response to LM-OVA (Fig. 3e) or LCMV (Fig. 3f) . Mice given adoptive transfer of small numbers of Icam1 −/− OT-I T cells were also less protected by vaccination for protection against a lethal dose of LM-OVA than were mice bearing the same number of Icam1 +/+ OT-I T cells ( Supplementary  Fig. 5d ). From these experiments, we concluded that ICAM-1 expression on T cells, and therefore cell interactions beyond those mediated by APCs, were formative for CD8 + T cell differentiation in response to immunization.
T cell-T cell interactions are autonomous but facilitated by APCs The findings reported above led us to consider T cells themselves an alternative LFA-1-bearing partner during the CDP, so we examined the dynamics of T cell interactions centered on the CDP in the presence or absence of ICAM-1 on T cells. We turned to two-photon microscopy of lymph nodes with Icam1 +/+ or Icam1 −/− OT-I cells labeled with distinct dyes, and adoptively transferred 2 × 10 6 cells to facilitate statistical analysis. In time projections of T cell zones, Icam1 −/− OT-I T cells were less stable in their positions at 24 h than were their Icam1 +/+ counterparts, but these cells were in the same T cell compartments ( Fig. 4a and Supplementary Fig. 6a) . Furthermore, Icam1 −/− OT-I T cells typically left clusters more quickly than did their Icam1 +/+ counterparts, either when those clusters contained only Icam1 −/− OT-I cells or were a mixture of Icam1 +/+ and Icam1 −/− OT-I cells (Fig. 4b  and Supplementary Movie 5) . Those findings suggested that T cells must be able to be bound to optimize arrest adjacent to other T cells. CDP blockade with anti-LFA-1 also resulted in a lower frequency (approximately 50%) of OT-I cells in T cell-T cell clusters within 2 h of blockade (Fig. 4c and Supplementary Movies 3 and 6) , which showed that T cell-T cell interactions were inhibited similarly by blockade of either LFA-1 or its ligand.
ICAM-1 on T cells was thus required for stabilization of the T cell position adjacent to other T cells during the deceleration phase. 
npg
A r t i c l e s
Consistent with the fact that APCs are the main 'nucleator' of decelerated T cells, OT-I T cells moved faster and arrested for a shorter period when APCs were ablated during the CDP (Fig. 4d,e and Supplementary Movies 7 and 8). Under those conditions, T cell-T cell contacts were similarly stable over the first ~10 min, although T cells were then more weakly associated over longer times ( Fig. 4f and Supplementary Movies 7 and 8) . A similar lifetime of association has been observed for CD4 + T cell-CD4 + T cell synapses 9 . Together these results indicated that arrest and interaction was a 'milieu effect' driven both by APCs and by lateral homotypic interactions. A secondary, 'collective' phase of cellular programming, during which primed T cells mingle, would require T cell-T cell interactions to be not only avid but also sufficiently frequent, particularly when the number of primed cells are limited. By surveying entire lymph nodes 24 h after immunization, we found that T cell-T cell contacts were selected for and occurred when precursors were introduced at physiological frequencies ( Fig. 4g and Supplementary Fig. 6b) . Quantification of the recovered cells in lymph nodes demonstrated a greater frequency of clusters containing two, three or four cells at this time, an effect that was immunization dependent (Fig. 4h) . That confirmed the proposal that close T cell-T cell contacts were a feature of priming, even with a low frequency of precursor cells. Although the mechanism for promoting the interaction may simply involve ongoing random migration and selective adhesion, it is also possible that such interactions profit from early chemokines for cells to find each other at dynamically selected sites in the entire volume of the lymph node 7, 8 .
T cell interactions promote critical synaptic cytokine exchange T cell differentiation is driven mainly by cytokines, and these can be directed into both T cell-APC synapses and T cell-T cell synapses 9, 32 . CD8 + T cells began to make IFN-γ within 24 h of immunization of wild-type mice with DEC-OVA 33 (Supplementary Fig. 7a) . By expressing IFN-γ fused to green fluorescent protein (IFN-γ-GFP) in T cell blasts and tracking T cell-T cell contacts, we observed that vesicles containing IFN-γ were recruited to the site of contact (Fig. 5a,b and Supplementary Movie 9). Furthermore, T cells participating in clusters in the absence of APCs in vitro indeed secreted IFN-γ (Fig. 5c) , and they did so 'preferentially' inward toward each other (Fig. 5d) . IFN-γ was secreted at sites of T cell-T cell contacts at which we also found enrichment for ICAM-1 ( Supplementary Fig. 7b and Supplementary Movie 10) , which demonstrated the existence of an immunological synapse between CD8 + T cells. Intracellular IFN-γ was directed between adjacent T cells in vivo during the CDP after immunization with DEC-OVA (Fig. 5e) . To investigate the function of the secretion of IFN-γ from one T cell to another, we primed T cells in the absence of APCs with pharmacological mimics of TCR signaling and blocked synaptic interaction through the use of anti-LFA1, in the presence or absence of exogenous IFN-γ or blockade of IFN-γ. We then transferred those cells into wild-type mice and assayed a recall response approximately 30 d later ( Supplementary  Fig. 7c) . Blockade of either LFA-1 or IFN-γ in the first day of APCfree stimulation resulted in a lower frequency of IFN-γ + cells after recall (Fig. 5f) . In this assay, in vitro treatment with anti-LFA-1 also npg blocked the overall recovery of T cells, but treatment with anti-IFN-γ did not; this may have been an effect on homing back into lymph nodes or may have reflected the requirement for other signals delivered at T cell-T cell contacts (Fig. 5g) . The addition of IFN-γ back into this assay resulted in a dose-dependent recovery of IFN-γ production by differentiated cells after recall (Fig. 5h) , consistent with the proposal that this signaling axis was sufficient as well as necessary for differentiation. However, full restoration in the presence of anti-LFA-1 required 50 times more IFN-γ than the concentration typically used to skew differentiation when the T cell-T cell contact was untouched (data not shown). For reasons that are unclear at present, very high IFN-γ doses also restored the number of cells recovered (Fig. 5i) , even in the presence of anti-LFA-1. The IFN-γ receptor CD119 was also required for CD8 + T cells at physiological frequencies of precursor cells to commit to producing IFN-γ in vivo (Supplementary Fig. 7d-g ). Given these results, we concluded that IFN-γ shared through T cell-T cell synapses contributed to CD8 + T cell differentiation.
DISCUSSION
Our results here have provided evidence of a second stage of information exchange through cell-cell communication that is necessary for an effective immune response. We propose that during motility arrest, prolonged juxtaposition to APCs in the T cell zone also facilitates other types of cell-cell synaptic communication, including T cell-T cell synapses, which enhance collective differentiation. A collective phase may involve additional cell types beyond T cells that join clusters and may also involve additional cytokines beyond those studied here.
Although it has been proposed that the arrest phase mediates mainly key interactions with APCs, published evidence suggests that such prolonged interaction with APCs does not control the functionality of CD8 + T cell responses in vitro [27] [28] [29] or in vivo 30 . Consistent with the proposal that antigen presentation is most relevant only at an early time, we did not observe inhibition of the upregulation of CD69 expression or proliferation when cell-cell interactions were blocked during the CDP. Motility arrest in the T cell zone therefore seems to have functions other than TCR triggering. Specifically, T cell-T cell contacts during the CDP regulated the balance between effector and memory cells but also potentiated the amplification and/or survival of CD8 + T cells. Blockade at 24 h resulted in apparent defects as early as day 6 and resulted in profoundly poor protection in the late phase. Analysis of markers showed that the early defects corresponded to an early failure to commit to central memory cells, which are critical for lasting protection 34 .
We found clustering of T cells after immunization when we used physiological frequencies of precursor cells. But how do rare T cells converge on particular sites in the lymph node? There is evidence that DCs produce the chemokines CCL3 and CCL4, which attract CD8 + T cells expressing the chemokine receptor CCR5, in a CD4 + T cell-dependent manner, and it has been proposed that this phenomenon guides antigen-specific CD8 + T cells to DCs for priming 7 . APCs, especially those that have been helped by CD4 + T cells, would produce such chemokines and assist in attracting experienced CD8 + T cells and bringing them together. This scenario may underlie the effective functioning of T cell-T cell interactions at a low frequency of 
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A r t i c l e s precursor cells, and in this scenario, clustering and the ensuing 'collective' differentiation would be a consequence of help from T cells. T cell-T cell interactions are not recognized as being involved in end-point assays, although the formation of T cell clusters after T cell activation has been documented as a nucleation around APCs and has been observed as a 'read-out' of strong T cell activation 9, 12, [15] [16] [17] . Here we have provided evidence that CD8 + T cells obtained information not only from the APC but also from the other T cells in such clusters, both in vitro and in vivo. The exchange of information between CD8 + T cells required integrin-mediated contact and the formation of a T cell-T cell synapse. Although T cell-T cell synapses and cytokine sharing have been already described for CD4 + T cells in vitro 9 , we have now demonstrated that CD8 + T cells also shared cytokines, including IFN-γ, in vitro as well as in vivo, and, more notably, that T cell-T cell communication was a relevant facilitator of the downstream 'output': T cell differentiation. T cell differentiation resulting from T cell-T cell adhesive 'secondary' synapses provides a platform that is an alternative to the immunological synapse for very local cytokine exchange. Such contact might also provide a platform other than the APC to facilitate asymmetric cell division 35 .
Although it is well established that IFN-γ is crucial for T helper type 1 differentiation 36 , our results suggest that its importance for CD8 + T cell differentiation has been underestimated so far. One reason for this could be the frequency of antigen-specific CD8 + T cells used in previously published studies, which we found was important, as other signals seemed to be sufficient in our studies when we used an overly large number of antigen-specific CD8 + T cells. We speculate that in response to stimuli beyond those tested in our study, IFN-γ may also have a different effect on T cells, perhaps through its production or action on additional partners 37 . Although some cytokines in some responses are certainly dispersed globally 9, 38 , secondary synapses and localized synapses provide specificity as well as amplification, probably even under those conditions. Finally, our work suggests careful exploration of the aggregation of cytokine receptors in synapses, as blockade of LFA-1 resulted in less sensitivity to cytokines delivered at T cell-T cell contacts. Indeed, the expression and activity of the receptor for IFN-γ is regulated after in vitro stimulation or immunization of mice with LM-OVA 39, 40 , and this may actually lead to heightened selection for cytokines delivered by cell-cell contact.
Our data suggest that T cell-T cell contacts enhance the population expansion and differentiation of CD8 + T cells. However, we propose that direct communication between T cells allows them to collectively respond and control the size of the effector and memory pool. This indicates that whereas some cells would be rescued or amplified, others would be deleted. This could be true especially for a polyclonal response, and T cell clusters would be more typically composed of heterogeneous T cells that influence each other's fate. This would explain how heterogeneous T cell populations respond in a coordinated manner.
T cell-T cell synapses may also facilitate and underlie the exchange of information other than cytokines. For example, T cells have been shown in some experiments to capture peptide-MHC complexes and mediate antigen-specific signaling to other CD8 + T cells 41 . Similarly, antigen-specific CD4 + T cell-CD4 + T cell interactions may regulate population expansion after upregulation of MHC class II expression in CD4 + T cells 42 . Finally, a published study has suggested cells that upregulate the Hippo pathway, which is known to link cell-cell contact to differentiation in other cell lineages, may commit cells to terminal effector differentiation 43 , and the synapse process we have characterized here may provide a framework for the delivery of such signals.
Collective activity typically arises when a collection of organisms or cells coordinate their responses. For example, colonies of bees make a collective decision to select the best nectar source not by having each bee visit all sources but by having bees visit different sources, followed by later comparisons at the hive 44 . At a cellular level, in collective germ-cell migration, each cell can move in the cluster and function somewhat autonomously, but the collection of cells migrates toward a stimulus 45 . Similar activity has been observed during cancer metastasis, in which cooperation between invasive and noninvasive cells enables the extravasation of otherwise nonmetastatic cells 46 . Collective decision-making is thus a collection of stochastic events that, through positive reinforcement, allows the individual components to select the optimal response for the system. The immune system may represent a new twist on this, as it uses the rather transient formation of synapses between many cell types to achieve the goal of collective decisions. The formation of T cell-T cell synapses would seem in this context to provide a feedback system for the comparison and selection of an effector-memory response dictated by the experiences of other individual activated T cells. Notably, such interactions, hours after critical T cell-APC interactions initiate T cell activation, may provide feedback that regulates many other facets of the response, including system-wide tolerance. More broadly, immunological synapses between many different types of cells of the immune system, not just between T cells and APCs, may represent a critical mechanism for enhancing collective decision-making and, at the same time, for limiting the exposure of adjacent cells to effector signals. Our work thus establishes a framework for considering synapses as mediators that integrate information across many concurrently activating cells and generate concerted immune responses.
METhODS
Methods and any associated references are available in the online version of the paper.
